The vertebrate and neural-specific Ser/Arg (SR)related protein nSR100/SRRM4 regulates an extensive program of alternative splicing with critical roles in nervous system development. However, the mechanism by which nSR100 controls its target exons is poorly understood. We demonstrate that nSR100-dependent neural exons are associated with a unique configuration of intronic cis-elements that promote rapid switch-like regulation during neurogenesis. A key feature of this configuration is the insertion of specialized intronic enhancers between polypyrimidine tracts and acceptor sites that bind nSR100 to potently activate exon inclusion in neural cells while weakening 3 0 splice site recognition and contributing to exon skipping in nonneural cells. nSR100 further operates by forming multiple interactions with early spliceosome components bound proximal to 3 0 splice sites. These multifaceted interactions achieve dominance over neural exon silencing mediated by the splicing regulator PTBP1. The results thus illuminate a widespread mechanism by which a critical neural exon network is activated during neurogenesis.
SUMMARY
The vertebrate and neural-specific Ser/Arg (SR)related protein nSR100/SRRM4 regulates an extensive program of alternative splicing with critical roles in nervous system development. However, the mechanism by which nSR100 controls its target exons is poorly understood. We demonstrate that nSR100-dependent neural exons are associated with a unique configuration of intronic cis-elements that promote rapid switch-like regulation during neurogenesis. A key feature of this configuration is the insertion of specialized intronic enhancers between polypyrimidine tracts and acceptor sites that bind nSR100 to potently activate exon inclusion in neural cells while weakening 3 0 splice site recognition and contributing to exon skipping in nonneural cells. nSR100 further operates by forming multiple interactions with early spliceosome components bound proximal to 3 0 splice sites. These multifaceted interactions achieve dominance over neural exon silencing mediated by the splicing regulator PTBP1. The results thus illuminate a widespread mechanism by which a critical neural exon network is activated during neurogenesis.
INTRODUCTION
Alternative splicing (AS) is the process by which different pairs of splice sites are selected in pre-mRNA to produce distinct mRNA and protein variants. Transcriptome-wide profiling has uncovered vast repertoires of splice variants in metazoan species, many of which are highly conserved and regulated in a cell-and tissuespecific manner (Irimia and Blencowe, 2012; Licatalosi and Darnell, 2010; Nilsen and Graveley, 2010) . Important current challenges are to systematically determine the functions of individual tissue-regulated AS events and establish how they are regulated. These questions are especially important in the context of the vertebrate nervous system, which possesses among the most complex yet highly conserved repertoires of regulated AS events (Barbosa-Morais et al., 2012; Merkin et al., 2012) .
Tissue-specific regulation of AS involves the complex interplay of numerous cis-acting elements and trans-acting factors. Experimental and computational studies have provided evidence that recognition of splice sites flanking neural and other tissue-regulated exons involves tissue-specific AS regulators that, depending on their binding location on pre-mRNA, can function to positively or negatively regulate the assembly of core components of the splicing machinery (spliceosome) at proximal or overlapping splice sites (Witten and Ule, 2011) . For example, Nova proteins, which regulate a discrete network of exons enriched in synaptic and axon guidance genes, bind clusters of YCAY motifs concentrated near 5 0 splice sites to promote exon inclusion and to YCAY clusters proximal to 3 0 splice sites to promote exon skipping (Licatalosi et al., 2008; Ule et al., 2006) . Ptbp1 and its paralog Ptbp2 bind intronic C/U-rich elements upstream of regulated exons to repress the inclusion of neural exons, yet Ptbp1 also promotes exon inclusion when binding to C/U-rich elements downstream of regulated exons (Licatalosi et al., 2012; Llorian et al., 2010; Xue et al., 2009 ). Ptbp1 and Ptbp2 have mutually exclusive patterns of expression in the developing nervous system. Expression of the microRNA miR-124 silences Ptbp1 in developing neurons (Makeyev et al., 2007) . Loss of Ptbp1 facilitates the inclusion of a neural-specific exon (exon 10) in Ptbp2 transcripts that promotes Ptbp2 expression by preventing turnover of its transcripts by the nonsense-mediated mRNA decay pathway (Boutz et al., 2007; Makeyev et al., 2007; Spellman et al., 2007) . The relative expression levels of Ptbp1 and Ptbp2 governed by this regulatory circuit contribute to establishing neural-specific AS patterns (Boutz et al., 2007; Li et al., 2014; Licatalosi et al., 2012; Zheng et al., 2012) . However, the mechanisms by which Ptbp1/Ptbp2-repressed and other neural-specific exons are activated during neurogenesis are not well understood.
Alternative splicing is additionally regulated by members of a large class of proteins harboring Ser/Arg (SR)-repeat regions (Ankö , 2014) . The vertebrate-and neural-specific SR-related protein of 100 kDa (nSR100/SRRM4) regulates a network of brain-specific alternative exons concentrated in genes that function in various aspects of neurogenesis (Calarco et al., 2009; Raj et al., 2011) . Among this network is exon 10 of Ptbp2, and a neural-specific ''switch'' exon in REST/NRSF, a transcriptional repressor of neurogenesis genes. Skipping of the switch exon in nonneural cells produces a repressive form of REST, whereas nSR100-dependent inclusion of the exon in differentiating neurons produces a truncated isoform that lacks repressive activity, thereby allowing neurogenesis to proceed (Raj et al., 2011) . nSR100 regulates many additional brain-specific exons that are enriched in disordered regions of proteins, which function in modulating protein-protein interactions that contribute to neural-specific functions (Ellis et al., 2012) . Recently, a mutation in the Bronx waltzer (bv) mouse, which causes deafness and balance defects, was mapped to the nSR100/Srrm4 locus and shown to disrupt AS of genes linked to secretion and neurotransmission that are expressed in the inner ear (Nakano et al., 2012) . However, the molecular mechanisms that underlie nSR100dependent neural-specific AS remain poorly understood.
In this study, we employed high-throughput RNA sequencing (RNA-seq) and crosslinking and immunoprecipitation coupled to sequencing (CLIP-seq) to identify an expanded network of neural-specific AS events regulated by nSR100. In addition to revealing nSR100 target exons with important functions in neurogenesis, analyses of these data together with functional studies demonstrate that nSR100 activates neural exon inclusion by binding to intronic UGC-containing motifs proximal to suboptimal 3 0 splice sites. The same motifs also serve to weaken 3 0 splice site recognition and contribute to skipping of neural exons in nonneural cells. We further provide evidence that this nSR100-dependent regulatory mechanism involves multiple interactions with early spliceosomal assembly components and that it directly outcompetes widespread neural exon repression by PTBP1 during early stages of neurogenesis. These results thus reveal a mechanism underlying the activation of a critical network of neural-specific AS events.
RESULTS

Identification and Characterization of a Conserved Exon Network Regulated by nSR100
To investigate the mechanism by which nSR100 controls neuralspecific AS, we sought to computationally identify cis-features that mediate its activity in the regulation of conserved target alternative exons in human and mouse cells. RNA-seq profiling was performed following knockdown of nSR100 in mouse neural N2A cells and doxycycline (dox)-induced expression of nSR100 in human 293T cells. Consistent with our previous results from profiling a smaller set of exons using a focused AS microarray (Calarco et al., 2009 ), knockdown of nSR100 in undifferentiated N2A cells predominantly resulted in skipping of cassette exons that are specifically included in neural tissues ( Figure 1A ). Of 503 responsive exons (i.e., displaying an absolute percent spliced in change, jDPSIj R 15%), 405 exhibited increased skipping, whereas 98 displayed increased inclusion. Remarkably, although nSR100 is not normally expressed in 293T cells, its dox-induced expression in this cell line resulted in widespread changes in the inclusion levels of exons, many of which are differentially regulated between neural and nonneural tissues ( Figure 1B ).
To define a high-confidence set of conserved exons that are regulated by nSR100, we focused our analyses on all (157) orthologous exons that undergo skipping upon knockdown of nSR100 in N2A cells and that exhibit increased inclusion in 293T cells upon nSR100 expression ( Figures 1A and 1B , red circles, and Figure 1C ). This set of 157 orthologous exons represents 53% and 62% of all conserved exons that are dependent on nSR100 for inclusion in 293T and N2A cells, respectively (p < 0.0001, chi-square test). Further underscoring the physiological relevance of this set of AS events, the vast majority (95%) correspond to exons that are more included in neural versus nonneural tissues (Figures 1A and 1B; Table S1 , available online). In contrast, of the exons that exhibit nSR100-dependent skipping in human and mouse cells, only five overlapped ( Figure 1C ), one of which is neural enriched ( Figures 1A and 1B , black circles), suggesting that many of these changes may be the consequence of indirect effects. RT-PCR assays validated 100% (40/ 40 events in 20 genes) of the analyzed nSR100-regulated AS events detected by RNA-seq profiling ( Figures 1D, 1E , S1A, and S1B; data not shown).
Consistent with previous observations (Calarco et al., 2009; Ellis et al., 2012) , the set of 157 conserved nSR100-regulated exons are enriched in genes that function in cytoskeleton remodeling. However, we also observe enrichment in genes with the following terms: GTPase activity, synaptic membrane, neuron projection, establishment of cell polarity, and cell junctions. Additional nSR100-regulated exons are predicted to impact genes that function in transcriptional control of nervous system development, including the myocyte enhancer factor 2 (Mef2) family of transcription activators ( Figures 1D and 1E ), which are critical for the formation of cortical neuronal layers and synaptic plasticity (Akhtar et al., 2012; Li et al., 2008) .
Identification of cis-Regulatory Motifs Associated with nSR100-Dependent Exons PEAKS software (Bellora et al., 2007) was used to identify motifs with significant positional biases relative to the splice sites of the set of 157 conserved nSR100-dependent exons. While significant enrichment of motifs in downstream intronic sequence was not observed, two types of enriched motifs were detected in the upstream introns, with similar sequence and positional biases in human and mouse (Figures 2A, S2A , and S2B). One of these corresponds to C/U-rich hexamers that resemble binding sites of PTBP1/PTBP2, and the other consists of motifs containing one or more UGC triplets.
We compared the cumulative distributions of the first occurrence of a UGC triplet in mouse and human introns upstream of the nSR100-dependent exons versus sets of control alternative exons that are not regulated by nSR100 but have comparable ranges of PSI levels ( Figures 2B and S2C ). This reveals that 3 0 splice sites of nSR100-regulated exons are significantly more often associated with proximal UGC triplets than are control exons (p < 0.0001, all comparisons, Mann-Whitney test), but these motifs are not enriched within nSR100-regulated exons relative to control exons (data not shown). Consistent with these findings, UGC motifs were implicated in the regulation of AS events affected in the nSR100 mutant Bronx waltzer mouse strain (Nakano et al., 2012) . However, based on the analysis of (Table S1 ; Supplemental Experimental Procedures). Exons with DPSI Neural R 20% (dotted line) were considered neural enriched. Orthologous exons that show nSR100-dependent regulation in both N2A and 293T cells are circled in red (inclusion, 157 exons) or black (skipping, 5 exons). Bottom: RT-PCR assays and western blots confirming changes in nSR100 protein levels. Tubulin, Gapdh, and b-actin detection were used as loading controls. (C) Venn diagrams indicating overlap between nSR100-promoted (left) and nSR100-inhibited (right) orthologous alternative exons in N2A and 293T cells. (D and E) Examples of RT-PCR validations of conserved nSR100-regulated AS events upon (D) nSR100 knockdown in N2A cells and (E) dox-induced nSR100 expression in 293T cells. See also Figure S1 and Table S1 . (legend continued on next page) a much smaller set of regulated exons, it was concluded that these motifs are enriched at a greater distance from 3 0 splice sites, and their positional relationship with distal C/U-rich motifs was not detected. Moreover, whether nSR100 functions via binding to the UGC motifs in vivo was not determined.
nSR100 Binds Intronic UGC Motifs Adjacent to the 3 0 Splice Site of Target Exons In Vivo To investigate whether nSR100 binds to the UGC, C/U-rich, and/ or other motifs, we used PAR-iCLIP, which employs incorporation of the photoreactive nucleoside analog 4-thiouridine in nascent RNA to increase crosslinking efficiency to protein, followed by the iCLIP protocol (Hafner et al., 2010; Huppertz et al., 2014) . Three independent PAR-iCLIP experiments were performed using 293T cells expressing Flag-nSR100 under dox-inducible control, in conjunction with immunoprecipitation with anti-Flag antibody. Immunoprecipitated complexes were specifically detected following nSR100 induction and were susceptible to ribonuclease (RNase) I, indicating successful in vivo crosslinking of nSR100 to RNA ( Figures 2C and S2D ). Pairwise comparisons of the mapped tag sequences revealed that the biological replicates correlate well (mean R = 0.8, Figures 2D  and S2E ). Analysis of the genomic distributions of the PAR-iCLIP tags further revealed that these preferentially map to exonic and intronic sequences relative to intergenic sequence, after normalizing for length differences between genomic regions ( Figure 2E ). Clusters of 293T cell PAR-iCLIP tags were analyzed for significantly enriched hexamer sequences, using randomized cluster sequences as a background. Notably, the top four most enriched hexamers contain one or more UGC triplets (Figures 2F and S2F) , and two of the hexamers matched those detected by the PEAKS analysis (compare Figures 2F and 2A ). We generated a merged in vivo binding map (Licatalosi et al., 2008) displaying the mean, normalized distributions of nSR100 293T cell PAR-iCLIP crosslink sites within 400 nt windows surrounding the 157 conserved target exons, and a set of $400 control exons that are not nSR100 targets but that have a comparable PSI distribution. We observed a strong enrichment for nSR100 binding to intronic sequences proximal to the 3 0 splice sites of target exons relative to control exons, with a pronounced peak approximately À15 nucleotides from the 3 0 splice site ( Figures 3A and  S3A ). Furthermore, PAR-iCLIP analysis using an N2A cell line expressing Flag-nSR100 under dox-inducible control also revealed that nSR100 preferentially crosslinks to intronic UGC-containing motifs concentrated approximately À14 nucleotides from the 3 0 splice site of the conserved nSR100-regulated exons (Figures S3B-S3D and data not shown). Importantly, these binding peaks coincide precisely with the preferred location of UGC motifs identified using PEAKS analysis (compare with Figure S2B ).
UGC Motifs Are Critical for nSR100-Dependent Neural-Specific Splicing
To confirm whether UGC motifs bound by nSR100 in vivo are important for nSR100-dependent AS, we asked if mutation of these motifs disrupts the inclusion of nSR100 target exons. The PAR-iCLIP data reveal an accumulation of reads surrounding a UGC motif upstream of the neural exon of REST ( Figure 3B) , which we previously defined as a functionally important nSR100 target (Raj et al., 2011) . REST minigene reporters were constructed with the neural exon and 300 nucleotides of flanking intronic sequence, with and without a G-to-A point mutation in the UGC motif, and were transfected into the dox-inducible, nSR100-expressing 293T cell line. In the absence of dox induction, the neural exon is skipped, whereas it is efficiently included in wild-type (WT) reporter transcripts when nSR100 expression is induced ( Figure 3B ). In contrast, in the mutant (M) reporter, nSR100-mediated exon inclusion is severely abrogated. Similar results were obtained when introducing G-to-A point mutations into UGC motifs in additional minigene reporters containing nSR100-regulated exons from the MEF2C and MEF2D genes ( Figure S3E ).
The combined analyses of cis-motifs associated with a network of conserved nSR100-dependent AS, PAR-iCLIP-seq data, and mutant minigene reporters, demonstrate that binding of nSR100 to UGC motifs proximal to 3 0 splice sites is required for the regulation of an extensive program of neural-specific AS.
Distinct Features of Core Splicing Signals Associated with nSR100-Dependent AS Next, we examined whether properties of the core splicing signals associated with nSR100 target exons, including the 5 0 splice site, 3 0 splice site, polypyrimidine tract region, and branch site, are significantly different from the corresponding signals associated with control alternative exons that have matching PSI levels. Using maximum entropy scoring of splice site strength (Yeo and Burge, 2004) , we observe that the 5 0 splice sites of nSR100-regulated exons are moderately stronger than those of the control alternative exons ( Figure 3C ; median 5 0 splice site scores: 8.8 [nSR100 exons] versus 8.0 [control exons], p = 6.6 3 10 À7 , Wilcoxon rank-sum test) and comparable in strength to those of constitutive exons ( Figure S3F ). In contrast, the 3 0 splice sites of nSR100-regulated exons are significantly weaker than those of the control alternative exons ( Figure 3C ; median 3 0 splice site scores: 5.3 [nSR100 exons] versus 7.6 [control exons], p = 5.91 3 10 À14 , Wilcoxon ranksum test). Similar differences between 3 0 and 5 0 splice site strengths are also observed when comparing sets of nSR100regulated and control exons over a range of different PSI levels ( Figure S3F ).
(C) Box plots comparing the 3 0 and 5 0 splice site strengths of conserved nSR100 target exons (blue) and control, nonregulated exons (white). Asterisks represent significant differences; p values, Wilcoxon rank-sum test. (D) Plots comparing polypyrimidine tract lengths and distances between 3 0 splice sites and inferred branch points of nSR100-regulated exons (red) and of PSImatched control exons (gray) in human. p values, Kolmogorov-Smirnov test. (E) RT-PCR assays monitoring the effects of mutating UGC motif(s) on inclusion levels of the DAAM1 and MEF2D neural exons. Dox-inducible nSR100-expressing 293T cells were transfected with wild-type (WT) minigene reporters (lanes 1 and 2). 293T cells (not dox inducible) were transfected with wild-type or mutant (M, M1, M2) reporters and control (lanes 3, 5, 7) or PTBP1 and PTBP2 siRNAs (lanes 4, 6, 8) . PPT, polypyrimidine tract. Asterisk represents a product from usage of an alternative splice site. See also Figure S3 .
The strength of a 3 0 splice site is influenced by the distance between the branch site and the acceptor AG dinucleotide (Chiara et al., 1997; Reed, 1989) . Relative to PSI-matched control exons, nSR100-regulated exons are associated with predicted branch sites that are more distal from 3 0 AG acceptor sites and are therefore expected to have weakened splicing activity ( Figure 3D ). The use of distal branch sites is further influenced by the quality of the polypyrimidine tract; increased length and pyrimidine content of the polypyrimidine tract, and its proximity to the AG dinucleotide, all contribute to increased 3 0 splice site strength (Chiara et al., 1997; Merendino et al., 1999; Reed, 1989) . Although nSR100-regulated exons are associated with longer polypyrimidine tracts ( Figure 3D ), there is a lower density of pyrimidine nucleotides immediately upstream of the AG acceptor site relative to the control exons ( Figures 3D and S3G ), in part due to the insertion of UGC motifs. Collectively, this unique arrangement of cis-features is expected to result in skipping of the nSR100regulated exons when nSR100 is absent (i.e., in nonneural cells).
To directly test whether nSR100-binding UGC motifs weaken 3 0 site recognition, we constructed minigene reporters containing an nSR100-dependent human DAAM1 neural exon and 300 nucleotides of flanking intronic sequence, with and without G-to-C point mutations in two neighboring UGC motifs located between the polypyrimidine tract and 3 0 acceptor site. Since the murine Daam1 nSR100-regulated exon is repressed by Ptbp1 and Ptbp2 (Calarco et al., 2009) , we also tested the effect of these point mutations following knockdown of these factors. When the wild-type (WT) reporter was transfected into the doxinducible nSR100-expressing 293T cell line, we observed nSR100-dependent exon inclusion ( Figure 3E, lanes 1 and 2) . In the presence of PTBP1/PTBP2, but absence of nSR100 expression, the neural exon is efficiently skipped, whereas it shows modest inclusion when PTBP1/PTBP2 are depleted (Figure 3E, lanes 3 and 4) . In contrast, in the mutant (M) reporter, there is a pronounced switch to inclusion of the neural exon in the absence of nSR100, which is further enhanced upon PTBP1/PTBP2 depletion ( Figure 3E, lanes 5 and 6) . Similarly, we observed increased exon inclusion when either deleting or introducing a G-to-C mutation in the UGC motif adjacent to the MEF2D exon ( Figure 3E, bottom lanes 5-8) . These results confirm that UGC motifs provide a dual function of weakening 3 0 site recognition leading to exon skipping of neural exons in nonneural cells while forming intronic splicing enhancers (ISEs) that mediate efficient nSR100-dependent exon inclusion in neural cells.
nSR100-Interacting Cofactors that Function in Neural Exon Inclusion
Immunoaffinity purification coupled to mass spectrometry (AP-MS) was next used to identify proteins that may mediate nSR100 regulatory activity. Complexes associated with Flagtagged nSR100 expressed under dox-inducible control in 293T and N2A cells were immunoprecipitated with anti-Flag antibody in the presence of RNase and DNase and then subjected to iontrap MS. We scored 84 and 117 proteins in 293T and N2A cells, respectively, as candidate nSR100 partner proteins (Table S2) , with 24 proteins in common between these data sets (p < 0.0001, Fisher's exact test). Gene ontology analysis revealed that nSR100-interacting proteins are significantly enriched in ''mRNA splicing'' (false discovery rate [FDR] q value = 1.72 3 10 À11 ). Coimmunoprecipitation western blot analysis validated all (7/7) tested Flag-nSR100 interaction partners in 293T and N2A cells ( Figure 4A ). Moreover, these interactions were also validated in human neural Weri-Rb1 cells using an antibody specific for endogenous nSR100 protein ( Figure S4A) .
Among the detected nSR100 interaction partners are the two subunits of the U2 snRNP auxiliary splicing factor, U2AF65/ U2AF2 and U2AF35/U2AF1, which bind directly to the polypyrimidine tract and 3 0 splice site AG dinucleotide, respectively (Merendino et al., 1999; Wu et al., 1999; Zamore et al., 1992; Zorio and Blumenthal, 1999) , and promote U2 snRNP binding to the pre-mRNA branch site during spliceosome assembly (Ruskin et al., 1988) . Spliceosomal proteins detected in nSR100 complexes include multiple U2 snRNP (SF3) subunits, U1 snRNPspecific 70K protein (U1-70K), the splicing coactivator complex subunits SRm160/SRRM1 and SRm300/SRRM2, which function in bridging interactions between U1 and U2 snRNPs across introns, and CCAR1, which interacts with U2AF65 (Hegele et al., 2012) .
Since the interaction partners are enriched in early spliceosomal components, we used native gel electrophoresis (Das and Reed, 1999) to investigate whether nSR100 enhances formation of the U2 snRNP-containing prespliceosomal A complex (Figure 4B) . Complex assembly was assayed using an in vitro transcribed, radiolabeled, two-exon splicing reporter containing the Daam1 neural exon, and splicing extracts from neural Weri-Rb1 cells. In the presence of limiting amounts of splicing extract, complex formation was inefficient. In contrast, addition of purified recombinant nSR100 promoted formation of a complex that displays hallmark characteristics of A complexes, including the requirement for ATP, and an accumulation after incubation (at 30 C) for 5 min, but disappearance after prolonged incubation periods ( Figure 4B and data not shown). Taken together with results from analyzing cis-elements associated with nSR100 regulation and interacting factors, the results suggest that nSR100 promotes neural exon inclusion at suboptimal 3 0 splice sites by promoting the formation of prespliceosomal complexes.
Since nSR100 interacts with both U2AF subunits, we investigated whether its binding to intronic enhancers may promote exon inclusion by recruiting U2AF65 to weak polypyrimidine tracts. In U2af65 PAR-iCLIP experiments, the average crosslinking density of U2af65 adjacent to nSR100-regulated targets did not show an appreciable difference upon nSR100 depletion in N2A cells compared to the control knockdown ( Figure 4C ). Furthermore, using U2AF65 iCLIP data from HeLa cells (Zarnack et al., 2013) , in which nSR100 is not expressed and nSR100regulated exons are skipped, we detected widespread crosslinking of U2AF65 to the polypyrimidine tracts upstream of nSR100 target exons ( Figure S4B ). Therefore, binding of U2AF65 to polypyrimidine tracts upstream of nSR100 target exons occurs in the absence of nSR100 yet is not sufficient to promote exon inclusion.
We next investigated whether U2af65 participates in the inclusion of nSR100-target exons. Since U2af65 interacts with Ccar1 ( Figure S4C) , and the role of Ccar1 in regulated AS is unclear, we also investigated the contribution of this factor to nSR100dependent AS. We used siRNA pools to efficiently knock down U2af65 ( Figure S4D , $75% depletion) and Ccar1 ( Figure S4E , >90% depletion) individually or together in N2A cells, then assayed for effects on the inclusion of nSR100-dependent exons by RT-PCR. All (11/11) analyzed exons displayed increased skipping upon knockdown of U2af65 and/or Ccar1 ( Figure S4F) , with U2af65 depletion having a greater effect on exon inclusion in general. Thus, at least some nSR100-regulated exons are dependent on U2af65 and Ccar1 for inclusion.
To further assess the dependency of nSR100 target exons on U2af65, we performed an RNA-seq analysis of AS changes following U2af65 knockdown in N2A cells. As expected for a factor that promotes splicing, knockdown of U2af65 resulted in approximately five times more exons displaying increased skip- (lanes 3, 5, 7, 9) . nSR100 expression was induced by titrating dox concentration from 0 mg/ml (lanes 2 and 3) to 0.1 mg/ml (lanes 8 and 9) . RT-PCR assays were used to monitor changes in inclusion levels of nSR100regulated exons upon altering U2af65, Ccar1, and nSR100 levels. Lane 1 shows splicing levels in a parental N2A cell line for comparison. See also Figure S4 and Tables S2 and S3. ping than increased inclusion (jDPSIj R 15%). Of the exons that undergo skipping upon nSR100 depletion in N2A cells, 31% also display skipping upon U2af65 knockdown ( Figure 4D ; p < 0.001, chi-square test; Table S3 ), thus indicating that nSR100-regulated neural exons have variable dependencies on U2af65 for inclusion. We next determined whether increased expression of nSR100 promotes inclusion of exons that are skipped when U2af65 and Ccar1 are knocked down. N2A cell lines were generated that express nSR100-targeting shRNAs in which we additionally transfected inducible Flag-nSR100 cDNA vectors that are resistant to the shRNAs. Knockdown of nSR100 resulted in increased skipping of exons, and this was further exacerbated when U2af65/ Ccar1 were codepleted ( Figures 4E and S4G; compare lane 1  with lanes 2 and 3) . While low levels of dox-induced nSR100 expression did not rescue exon inclusion, higher levels of nSR100 expression were sufficient to restore inclusion of target exons to levels seen in control cells ( Figures 4E and S4G;  compare lanes 4-9 with lane 1) . Therefore, while U2af65 interacts with nSR100 and promotes the inclusion of many nSR100-regulated target exons, nSR100 can activate efficient neural exon inclusion under conditions where U2af65 is rate limiting (see Discussion).
Widespread Dominance of nSR100 over PTBP1-Repressed Neural Exon Splicing
Previously, we showed that Ptbp1, and to some extent Ptbp2, represses the inclusion of several analyzed neural exons that are positively regulated by nSR100 (Calarco et al., 2009 ). These findings, taken together with the observations in Figures 2A and  S2A showing that intronic sequences upstream of nSR100 target exons are enriched for C/U-rich motifs (which resemble Ptbp1 binding sites), suggested that nSR100 may act more widely during neurogenesis to overcome the negative activity of Ptbp1.
To investigate this possibility, we used RNA-seq following knockdown of Ptbp1 in N2A cells to identify neural exons that are differentially regulated by nSR100 and Ptbp1 (Figure 5A , $85% depletion). Consistent with reports showing that Ptbp1 primarily functions to repress exon splicing (Boutz et al., 2007; Han et al., 2014; Llorian et al., 2010) , knockdown of Ptbp1 Figure S5 and Table S4 .
resulted in approximately twice as many exons showing increased inclusion compared to skipping ( Figure S5A ; jDPSIj R 15%). Furthermore, we observe significant overlap between the exons that are negatively regulated by Ptbp1 and positively regulated by nSR100; 130 ($30%) of nSR100-dependent exons are also repressed by Ptbp1 (p < 0.0001, chi-square test), of which $90% are neural enriched (Figures 5B, 5C , and S5B; Table  S4 ). In contrast, only three exons are repressed by both proteins.
To establish when during development nSR100 might act in opposition to Ptbp1 to promote its program of neural-specific AS, we compared the levels of the two proteins in mouse cortex tissues at different developmental stages ( Figure 5D ). As shown previously (Zheng et al., 2012) , Ptbp1 protein is most abundant at embryonic stage day 12 (E12), when the cortex is populated by mostly undifferentiated neural progenitor cells, and then rapidly decreases after the onset of neurogenesis ($E12.5). In contrast, nSR100 protein levels are very low at E12 but readily detected at E15 and at subsequent time points (to postnatal day 3, P3). Analysis of RNA-seq data generated from in vitro differentiation of mouse embryonic stem cells (ESCs) to cortical glutamatergic neuronal cells (Hubbard et al., 2013) also revealed dramatic changes in the expression patterns of nSR100 and Ptbp1, with nSR100 showing a marked increase from almost no expression in ESCs to its highest level at approximately day 7 of neuronal differentiation, with a subsequent decline in expression as neurons mature ( Figure 5E ). In contrast, Ptbp1 expression is highest in ESCs and then steadily decreases to almost no expression in mature neurons. Both genes show maximal coexpression in neural precursor cells and immature neurons. Moreover, PSI levels of neural exons regulated in the opposite manner by Ptbp1 and nSR100, as detected in the RNA-seq analysis described above, showed changes that are consistent with the mRNA expression dynamics and antagonistic activities of these proteins during differentiation ( Figures  5E and S5C) .
To investigate the mechanism by which nSR100 positively regulates PTBP1-repressed exons, we performed a PAR-iCLIP analysis to globally map sites of PTBP1 binding in 293T cells ( Figure S6A ). PTBP1 preferentially crosslinked to intronic sequences enriched in C/U-rich motifs upstream of nSR100 target exons ( Figure S6B ). When directly comparing the in vivo binding profiles of PTBP1 and nSR100 in 293T cells, these factors have crosslink peaks À26 and À15 nt upstream of 3 0 splice sites, respectively ( Figures 6A and 6C) . Moreover, plotting the distributions of PAR-iCLIP PTBP1 and nSR100 motifs within 200 nt windows overlapping nSR100-regulated exons captured similar profiles ( Figures 6B and 6C ), which are also remarkably similar to the results of the PEAKS analysis (Figures 2A and S2B) . In contrast, for exons that are repressed by PTBP1, but not activated by nSR100, PTBP1 forms crosslink peaks À10 nt from the 3 0 splice site ( Figure S6C ). Therefore, PTBP1 binding to intronic sequences upstream of nSR100-dependent exons is, on average, shifted by approximately 15 nucleotides upstream of the 3 0 splice site. This unique motif arrangement likely evolved to accommodate the aforementioned dual, antagonistic regulation of neural-specific exons by nSR100 and PTBP1. It is possible that binding of nSR100 to UGC motifs À15 nt from 3 0 splice sites results in physical displacement of proximal PTBP1 binding. On the other hand, nSR100 may overcome the negative activity of PTBP1 without affecting PTBP1 binding to pre-mRNA. To distinguish between these possibilities, we analyzed the PTBP1 binding profile in vivo, with and without expression of nSR100. Induction of nSR100 in 293T cells did not appreciably affect the crosslinking density or positional binding preference of PTBP1 (Figures 6D, S6D , and S6E), indicating that nSR100 can overcome the repressive effects of PTBP1 without generally interfering with its binding.
Finally, to investigate whether nSR100 directly promotes neural exon inclusion in the presence of PTBP1, we performed an in vitro splicing assay using a pre-mRNA substrate containing the nSR100-dependent Daam1 neural exon, and recombinant PTBP1 and nSR100 proteins ( Figures 6E and S6F) . Incubation of the pre-mRNA in Weri-Rb1 splicing extracts resulted in high inclusion of the neural exon, which was further stimulated by addition of nSR100 protein ( Figure 6E ). In contrast, addition of increasing amounts of PTBP1 resulted in efficient skipping of the exon. However, simultaneous addition of nSR100 and PTBP1 resulted in enhanced inclusion of the exon.
Collectively, our findings demonstrate that the levels of nSR100 and Ptbp1 are tightly and dynamically controlled during nervous system development, such that nSR100 can directly counteract Ptbp1 activity to ensure the activation of a network of neural exons with extensive roles in the formation of the vertebrate nervous system.
DISCUSSION
Although AS is particularly widespread in the nervous system, the mechanisms underlying the regulation of neural-specific exon networks are not well understood. We define a regulatory mechanism by which nSR100/SRRM4 activates the inclusion of a large program of conserved brain-enriched exons during neurogenesis. A key feature of this mechanism is the unique arrangement of intronic cis-elements upstream of target exons that control 3 0 splice site recognition, including predicted branch sites that are more distal to acceptor sites, a lower density of pyrimidine residues upstream of the acceptor sites, and the insertion of UGC-containing ISEs. Remarkably, the guanosine nucleotide in these ISEs is sufficient to weaken 3 0 splice site recognition and cause exon skipping of at least some target exons when nSR100 is absent. Combined with the additional elements negatively controlling 3 0 splice site selection (see below), the dual function of the ISE in promoting efficient exon inclusion in neural cells and exon skipping in nonneural cells provides an effective mechanism for ensuring strong cell-type specificity in the differential regulation of the nSR100 neural exon network.
The mechanism by which nSR100 regulates neural exon inclusion bears interesting similarities with a previously proposed coactivator model for enhancer-dependent splicing. In this model, a complex of the SR-related proteins SRm160 and SRm300, which we detect as nSR100 interacting-proteins, promotes splicing by forming cross-intron and cross-exon interactions involving U1 snRNP bound to the 5 0 splice site, U2 snRNP bound to the branch site, and SR family proteins bound to exonic splicing enhancer (ESE) sequences (Eldridge et al., 1999) . Moreover, SRm160/300 and other SR proteins have been shown to promote ESE-dependent splicing through interactions that are independent of those required for binding of U2AF65 to the polypyrimidine tract (Kan and Green, 1999; Li and Blencowe, 1999; Guth et al., 1999) .
Similarly, while nSR100 associates with both U2AF subunits, its knockdown does not appear to alter in vivo crosslinking of U2AF65 to polypyrimidine tracts adjacent to target exons, and crosslinking of U2AF65 to these sites is detected in cells that do not express nSR100. Furthermore, induced expression of nSR100 in nonneural cells can promote efficient neural exon inclusion under conditions where U2AF65 is rate limiting for splicing of the same exons. It is therefore possible that nSR100, through its interactions with SRm160/300, U1-70K, and U2 snRNP components, also promotes efficient splicing in a manner that acts in conjunction with-but is largely independent of-interactions required for binding of U2AF to the polypyrimidine tract and 3 0 AG acceptor site (Figure 7) . However, it is notable that purified recombinant nSR100 does not bind stably to transcripts in vitro (data not shown), indicating that one or more associated cofactors are important for its sequence-specific binding to RNA in vivo. Regardless of its specific mechanism(s) of action, a unique feature of nSR100 is that it acts in a strong positive manner to promote exon inclusion via binding to upstream ISEs, whereas all other tissue-regulated AS factors characterized to date repress exon inclusion when binding to upstream intronic elements. (legend continued on next page)
Molecular Cell
Mechanism of nSR100-Regulated Alternative Splicing nSR100 also provides strong dominant-positive activity over Ptbp1 during neurogenesis through its multifaceted cis-and trans-acting interactions. While nSR100 promotes the inclusion of an exon required for the neuronal expression of the Ptbp1 paralog, Ptbp2 (Calarco et al., 2009) , which is thought to contribute to neural exon inclusion (Makeyev et al., 2007; Zheng et al., 2012) , Ptbp2 expression is not sufficient for the activation of nSR100 target exons. Rather, nSR100 binding effectively overcomes PTBP1-mediated repression without displacing it from its adjacent, upstream binding sites (Figure 7) . Not only does this bipartite system of enhancer and repressor afford tight control over neural AS, it also enables the rapid transition between states of exon repression and activation, as there is no requirement for displacement or turnover of PTBP1. This feature of nSR100 is also apparent from its pronounced and dynamic expression changes during neuronal differentiation. Notably, nSR100 and its target exons display striking increases in expression and inclusion, respectively, at early stages of differentiation when Ptbp1 is still expressed. As neurons mature, nSR100 expression shows a partial decline while the inclusion levels of its target exons are maintained. At this stage, the level of (E) In vitro splicing assay monitoring AS of the Daam1 neural exon in the presence and absence of purified nSR100 and/or PTBP1 proteins in Weri-Rb1 splicing extracts. The splicing reporter consists of constitutively spliced 5 0 and 3 0 MINX exons and the Daam1 neural exon flanked by its native intron sequences. Amount of proteins used: no protein in lane 1; 50, 100, and 200 ng nSR100 in lanes 2, 3, and 4, respectively; 100 and 200 ng PTBP1 in lanes 5 and 6, respectively; 200 ng PTBP1 and 50, 100, or 200 ng nSR100 in lanes 7, 8, and 9, respectively. Asterisk, nonspecific band. See also Figure S6 . Alternative exons in the nSR100-regulated network are associated with a unique arrangement of cis-elements that weaken 3 0 splice sites and act in conjunction with negative regulation mediated by PTBP1 to cause skipping of target exons in nonneural cells. When nSR100 is expressed in differentiating neural precursors and mature neurons, it binds to intronic enhancers proximal to 3 0 splice sites, and also interacts with multiple earlyacting spliceosomal components, to promote exon inclusion. These interactions are sufficient to potently outcompete PTBP1-mediated repression. As neurons develop, PTBP1 is no longer expressed, enabling maximal nSR100-dependent neural exon inclusion.
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nSR100 expression is presumably sufficient for full target exon inclusion levels because Ptbp1 is no longer expressed (see Introduction).
In conclusion, the identification and characterization of multifaceted interactions involving an expanded network of conserved nSR100 target exons have provided insight into the mechanism by which an extensive program of AS is activated during neurogenesis. The identification of this expanded network of exons, and of its associated global regulatory elements, further provides a valuable resource for future investigations into the molecular basis by which coordinated AS changes contribute to the formation and function of the vertebrate nervous system.
EXPERIMENTAL PROCEDURES
Cell Lines
Generation of N2A cell lines expressing nSR100/SRRM4-or GFP-targeting shRNAs, and the 293T cell line with inducible Flag-nSR100 expression, have been previously described (Calarco et al., 2009; Raj et al., 2011) . To establish inducible Flag-nSR100 N2A cell lines, the full-length mouse nSR100 open reading frame (ORF) with an N-terminal 3xFlag tag was cloned into a PiggyBac vector (gift from Dr. Andras Nagy, Lunenfeld-Tanenbaum Research Institute). N2A cells were transfected with nSR100-PiggyBac cDNA vector and the transposase plasmid, pBase (gift from Dr. Andras Nagy). Stable clonal populations were then derived. For one set of experiments, the clonal N2A Flag-nSR100 line was additionally transduced with lentiviruses expressing nSR100-targeting shRNA (Addgene Plasmid #35174). nSR100 expression was induced using 2 mg/ml dox for 24 hr unless otherwise stated.
siRNA Transfections N2A cell lines were transfected with 10 nM of U2af65, Ccar1, or Ptbp1 ON-TARGETplus siRNA pools (Thermo Scientific-Dharmacon) using RNAiMax (Life Technologies), as recommended by the manufacturer. 293T cells were transfected with 25 nM each of PTBP1 and PTBP2 siRNAs (Sigma-Aldrich) using RNAiMax. A nontargeting siRNA pool was used as control. N2A and 293T cells were harvested 48 hr and 72 hr, respectively, posttransfection.
RNA Extraction and RT-PCR Assays
Total RNA was extracted from cells using TRI Reagent (Sigma-Aldrich) and RT-PCR assays were performed using the OneStep RT-PCR kit (QIAGEN) according to the manufacturer's instructions. Reaction products were separated on 1%-2.5% agarose gels or on 6% denaturing polyacrylamide gels.
RNA-Seq Analyses
RNA-seq libraries were generated from Poly(A) + mRNA and sequenced using the Illumina Hi-Seq 2000 or 2500 machine to generate $100 million 3 100 nucleotide, paired end reads. Reads were mapped to the mouse (mm9) or human (hg19) genomes. Details of the data analysis pipeline are provided in the Supplemental Experimental Procedures.
PAR-iCLIP Experiments
PAR-iCLIP experiments were performed as described previously (Huppertz et al., 2014) with anti-Flag, anti-U2af65, and anti-PTBP1 antibodies. Further details and computational analyses are described in the Supplemental Experimental Procedures.
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